Introduction {#sec1}
============

Flavonols and related plant products of the flavonoid group are in prominence from a biomedical context for their wide range of therapeutic activities of high potency and low systemic toxicity.^[@ref1]^ Rusznyák and Szent-Györgyi first drew attention to the therapeutically beneficial role of dietary flavonoids.^[@ref2]^ Flavonoids are abundant in common plant-based foods and beverages, such as onions, apples, berries, tea, and red wine. The Western European diet contains, on average, ∼3--58 mg of flavonoids per day.^[@ref3]^ The French paradox^[@ref4]^ (first noted by the Irish physician Samuel Black in 1819) refers to the fact that the French suffer relatively low incidence of coronary heart disease because their diet is rich in both saturated fats and red wine (with high flavonoid content). Both in vivo and in vitro studies show that flavonoids are therapeutically effective against a wide range of diseases, including cancers, allergies, AIDS, and different free-radical-mediated disorders, such as atherosclerosis, ischemia, neuronal degeneration, and cardiovascular ailments etc.,^[@ref4],[@ref5]−[@ref7]^ which make them promising alternatives to conventional therapeutic drugs.

The possible target molecules and the mode of interactions between flavonoids and their targets are the subject of ongoing research, but it is known that single- and double-stranded nucleic acids structures can serve as receptors for flavonoids.^[@ref8],[@ref9]^ The interactions of small molecules with nucleic acids are of considerable interest for the design of novel therapeutically important compounds that are effective against cancer, heart disease, and other physiological and neurological disorders.^[@ref4]−[@ref7],[@ref10]^ Although the duplex is the most common arrangement of DNA, the terminal part of the telomeric DNA is G-rich and single-stranded.^[@ref11]^ Although the precise repeats of the sequence CCCTAA/TTAGGG^[@ref12]^ form a classical Watson--Crick double helix, the individual single G-rich and C-rich telomeric strands can form unusual DNA structures under appropriate conditions. The G-rich strand can form a four-stranded G-quadruplex structure involving planar G-quartets, and the C-rich strand can form the so-called tetraplex i-motif structure with intercalated C·C^+^ base pairs^[@ref13]−[@ref15]^ (Scheme [1](#sch1){ref-type="scheme"}). Formation of unusual, non-B DNA structures in specific sequential motifs is thought to take place during various physiological processes (e.g., some quadruplex formation was evidenced throughout the cell cycle).^[@ref16]^ Human telomeric DNA and proto-oncogenes have the higher potential to form G~4~ DNA compared with tumor-suppressor genes,^[@ref17]^ suggesting the possibility of treating cancer cells distinctively with effective G~4~ ligands. This opens the door to small-molecule targeting of telomeric G~4~ in cancer therapy because small molecules can trap quadruplex structures.^[@ref18]^

![Structures of (a) G-Quartet; (b) C·C^+^ Hemiprotonated Base Pair; (c) Duplex Base Pairing between Guanine (G)-Cytosine (C) and Adenine (A)-Thymine (T); (d) 3-Hydroxyflavone (3HF); (e) 7-Hydroxyflavone (7HF); (f) Fisetin; and (g) Quercetin](jp-2014-08599h_0009){#sch1}

In this article, we provide results of a systematic study on two therapeutically important flavonols, fisetin (3,7,3′,4′--OH flavone) and quercetin (3,5,7,3′,4′--OH flavone), and their chromophores, 3-hydroxyflavone (3HF) and 7-hydroxyflavone (7HF), in three types of DNA matrices: duplex DNA, the C~4~ intercalated motif (i-motif), and the G~4~ quadruplex made from 5′-d(C~3~TA~2~)~3~C~3~-3′ and 5′-d(T~2~AG~3~)~4~-3′ oligonucleotides. Recently,^[@ref19]^ we have shown that fisetin is an effective G~4~ quadruplex ligand. Fisetin and quercetin are the most abundant dietary flavonoids,^[@ref20]^ (widely present in strawberries, apples, onions, broccoli, and many other fruits and vegetables) and belong to the most commonly occurring chemical class of flavonoids; namely, flavonol. Quercetin binds to human plasma proteins and inhibits the activities of enzymes, including kinases^[@ref21]^ and DNA topoisomerases.^[@ref22]^ Fisetin inhibits protein kinase C, a signal transducing enzyme,^[@ref23]^ and HIV-1 proteinase,^[@ref24]^ a virally encoded protein that is indispensable for the maturation and processing of the AIDS virus. It also exhibits strong antioxidant properties in membrane environments^[@ref25]^ and has also been found to be effective in preventing nonenzymatic glycosylation of hemoglobin.^[@ref26]^ Flavones consist of two aromatic rings (rings A and B) linked through a pyrone (ring C) (see Scheme [1](#sch1){ref-type="scheme"}).

Here, we demonstrate how fluorescence spectroscopy is an exquisitely sensitive tool for noninvasive sensing of DNA-flavonoid interactions at physiologically relevant conditions via measurements of steady state emission parameters of the intrinsic fluorescence of the ligand (flavonoid) in the target (DNA) environment. The high qualitative and quantitative sensitivity of fluorescence provides enormous advantages when compared with most other physical techniques and offers a powerful approach for detection of nucleic acid--flavonoid interactions at physiologically relevant concentrations (10^--6^ M). We highlight novel applications of the remarkably environmentally sensitive "two-color" fluorescence exhibited by two important flavonoids, which permits multiparametric and ratiometric measurements. To consolidate findings obtained via fluorescence spectroscopy, results from other relevant experimental biophysical techniques of related interest (circular dichroism (CD), differential absorption, UV thermal melting, size exclusion chromatography (SEC)), and molecular modeling are also discussed here.

Materials and Methods {#sec2}
=====================

The flavonoids fisetin, quercetin, 3HF, and 7HF and oligonucleotides 5′-d(C~3~TA~2~)~3~C~3~-3′ and 5′-d(T~2~AG~3~)~4~-3′ were purchased from the Sigma-Aldrich Chemical Co. and Integrated DNA Technologies, respectively, and were used as obtained. The solvents used were of spectroscopic grade and checked for any absorbing or fluorescent impurities. Stock solutions of 3HF, 7HF, fisetin, and quercetin were prepared in ethanol (because of low solubility in an aqueous system), and the final experimental concentrations of all flavonoids were kept on the order of 10^--6^ M, ethanol \<1% (v/v). The desalted oligonucleotides were dissolved in deionized water. For G- and C-rich oligonucleotides, 10 mM Tris--HCl at pH 7.4 and 10 mM sodium citrate at pH 6 buffers were used, respectively. The duplex DNA was made by dissolving equimolar concentrations of the G- and C-rich oligonucleotides in 10 mM pH 7.0 citrate buffer. For some experiments with the G-rich DNA, 10 mM, pH 7.0 citrate buffer was also used, and it is pertinent to mention that there was no major difference in the spectral features of single-stranded and duplex DNAs between Tris--HCl, pH 7.0 and citrate, pH 7.0 buffers. The UV thermal melting and differential absorption studies were performed in 10 mM Tris--HCl, 100 mM NaCl, pH 7.2 for G-rich DNA, whereas 10 mM citrate, 100 mM NaClO~4~, pH 6.0, was used for C-rich, and pH 7, for duplex DNAs.

Steady state absorption spectra were recorded with Shimadzu UV 2550 spectrophotometers with a Peltier temperature controller and 8-microcell holder accessories were used for melting studies, with 1 °C/min and a wait period of 240 s. Steady state fluorescence measurements were carried out with a Fluoromax-4 (Horiba Jobin Yvon) spectrofluorometer equipped with polarizers and a Peltier temperature-controlled cell.

Steady state fluorescence anisotropy (**r**) values were calculated using the expressionwhere *I*~VV~ and *I*~VH~ are the vertically and horizontally polarized components of the flavonoid emission after excitation by vertically polarized light at the respective wavelength. *G* is the sensitivity factor of the detection systems.^[@ref27]^

Circular dichroism spectra were acquired with a J-710 spectropolarimeter (Jasco). The scan rate was 50 nm/min, and three consecutive spectra were averaged to produce the final spectrum. All spectral measurements were performed at 25 °C. The highest concentration of DNA for fluorescence and circular dichroism experiments were kept at ∼20--25 μM to avoid aggregation, scattering, and artifacts.

SEC used a 300 × 7.8 mm i.d. column (BioSep, 3000, Phenomenex) on an HPLC system (SCL 10A VP, Shimadzu) using a 10 mM citrate buffer at pH 6.5 with 100 mM NaClO~4~ to minimize matrix adsorption.^[@ref28]^ For the thymine oligonucleotides dT~5~, dT~12~, dT~21~, dT~24~, and dT~30~, the averages of the retention times and the corresponding molecular masses were fitted linearly, from which the folded nature of the 5′-d(C~3~TA~2~)~3~C~3~-3′ and 5′-d(T~2~AG~3~)~4~-3′ DNA were determined, assuming that there were no secondary interactions within the thymine oligonucleotides. Here, the molar masses of the thymine oligonucleotides were used as standards for drawing a calibration plot to obtain the molecular masses of the free and bound DNAs for stoichiometric purposes. Absorption and fluorescence measurements of the species were made using the SPD-10AVi and RF-10AXL Shimadzu detectors, respectively. The time difference between the two detectors was determined from the absorption (260 nm) and the emission (λ~ex~ = 307 nm, λ~em~ = 370 nm) using the oligonucleotide 5′-CAGC/2AmPr/GCAG-3′, where 2AmPr is 2-aminopurine. The injection volume was 20 μL. Three or more chromatographs were acquired to determine an average retention time.

All computer docking studies were performed using Autodock 4.2 following the general protocols already in place.^[@ref29],[@ref30]^ The structures of fisetin, quercetin, 3HF, and 7HF were created using ChemBioDraw Ultra v. 13.0 (CambridgeSoft Corporation, Cambridge, USA) and were then energy-minimized using UCSF Chimera.^[@ref31]^ These structures were then loaded into AutoDockTools4.^[@ref29]^ The DNA structures of an antiparallel quadruplex (RCSB PDB 143D),^[@ref32]^ an antiparallel i-motif (RCSB PDB 1A83),^[@ref33]^ and an A-DNA sequence (RCSB PDB 173D)^[@ref34]^ were used as targets. The duplex DNA was made using a Python program based on the B-DNA coordinates provided by Arnott and Hukins.^[@ref35]^ For the AutoGrid4 module of AutoDockTools4, grid volumes were optimized for each DNA to ensure that the entire DNA was available for docking. Once the grid was created, 10 Lamarckian general algorithms (GA) were performed on the molecules, with each DNA with a population size of 150 and a limit of 2.5 million energy evaluations. All other parameters were left at the default settings originally loaded into AutoDockTools4. The lowest energy conformations for each molecule docked to each unique DNA structure were then selected. The PyMOL software package was used for visualization of the docked conformations.

Results and Discussions {#sec3}
=======================

Circular Dichroism, UV Melting and Thermal Differential Absorption Spectroscopy {#sec3.1}
-------------------------------------------------------------------------------

The UV absorption of the fisetin- and quercetin-bound nucleic acids from 200 to 300 nm is shown in [Supporting Information](#notes-1){ref-type="notes"} (SI) Figure S1A,B), which is due to the transitions of the planar purine and pyrimidine bases.^[@ref36]^ The λ~abs~^max^ of d(C~3~T~2~A)~3~C~3~ in pH 6.0, d(T~2~AG~3~)~4~ in pH 7.0, and duplex DNA in pH 7.0 are ∼265, 255, and 258 nm, respectively, which suggests the difference in inpacking of DNA bases in these DNAs as well as confirms^[@ref36]^ that the overall secondary structures dictate the absorption spectra. The absorption spectra of fisetin and quercetin in different environments are displayed in the [SI](#notes-1){ref-type="notes"} Figure S1A,B insets, where it is observed that λ~abs~^max^ of fisetin is 360, 361, and 366 nm, and quercetin is ∼368, 380, and 376 nm in (C~3~T~2~A)~3~C~3~ and (T~2~AG~3~)~4~, duplex DNAs and 357 and 362 nm for fisetin and 369 and 373 nm for quercetin in pH 6.0 and pH 7.0 buffers, respectively. The changes in λ~abs~^max^ between buffers and DNA environments for fisetin and quercetin suggest the binding of flavonols with the DNA.

Figure [1](#fig1){ref-type="fig"} provides the evidence of the formation of the unusual non-Watson--Crick type of structures for the single-stranded d(C~3~T~2~A)~3~C~3~ and d(T~2~AG~3~)~4~ DNAs at pH 6.0 and 7.0, respectively. Figure [1](#fig1){ref-type="fig"}A shows the thermal difference spectra^[@ref36]−[@ref39]^ and the corresponding thermal denaturation at 290 nm (Figure [1](#fig1){ref-type="fig"}C,D,E) of the different DNAs, where green, blue, and red lines represent (C~3~T~2~A)~3~C~3~ at pH 6.0, (T~2~AG~3~)~4~ at pH 7.0, and a duplex of the equimolar mixture of the above DNAs in pH 7.0, respectively. The curves in Figure [1](#fig1){ref-type="fig"}A are simply the result of the arithmetic difference between high (90 °C) and low temperature (20 °C) absorption spectra. These spectra provide information complementary to circular dichroism.^[@ref36]^ In Figure [1](#fig1){ref-type="fig"}A, the spectral profile for G-rich DNA (green line) showed two positive maxima at ∼244 and 272 nm, a shoulder at 257 nm, and a negative minimum at 296 nm. The C-rich DNA (blue line) showed two positive maxima at ∼240 and 261 nm and a negative minimum at 294 nm. The duplex DNA (red line) has a positive maximum at 268 nm. Differential absorption spectra have a typical and unique shape for C i-motifs and G quadruplexes,^[@ref36]−[@ref39]^ and the characteristics of the spectral profile observed here are clearly supportive of the formation of C~4~ intercalated tetraplex (see Scheme [1](#sch1){ref-type="scheme"}B), G~4~ quadruplexes (see Scheme [1](#sch1){ref-type="scheme"}A), and duplex (see Scheme [1](#sch1){ref-type="scheme"}C), respectively.

[SI](#notes-1){ref-type="notes"} Figure S2 shows the differential absorption spectra of the d(C~3~T~2~A)~3~C~3~ and d(T~2~AG~3~)~4~ oligonucleotides in 10 mM citrate buffers of various pHs (5.0, 5.5, 6.0, 6.5, 7.0), and it is observed that the pH 6.0 and 7.0 were the optimum pHs (closest to physiological pH) for C~4~ i-motif and G~4~ quartet structures to be formed. Hence, all further studies were performed in those pHs. Figure [1](#fig1){ref-type="fig"}B shows the CD spectra of three different DNA molecules made of single-stranded d(C~3~T~2~A)~3~C~3~ (blue solid line), single-stranded d(T~2~AG~3~)~4~ (green solid line), and the duplex of both (red solid line). From here on, the term C~4~ and G~4~ will be used for d(C~3~T~2~A)~3~C~3~ and d(T~2~AG~3~)~4~ DNAs, respectively. CD spectra provide diagnostic signatures for the structures of intercalated C~4~, G~4~ quartet, and duplex DNA. Natural, heterogeneous DNA usually adopts the B DNA form, which provides a conservative CD spectrum with small amplitude bands: a positive band around 280--290 nm and a negative one at ∼240--145 nm.^[@ref36]−[@ref39]^ The characteristic CD spectrum of the C~4~ i-tetraplex contains a large maximum, ∼290 nm; a negative band, ∼265 nm; and another small positive band, ∼225 nm.^[@ref36]−[@ref39]^ On the other hand, a positive peak around 260 nm and a trough around 240 nm implies the presence of a parallel G-quadruplex structure, and a peak around 295 nm with a trough around 260 nm generally implies an antiparallel G-quadruplex.^[@ref36]−[@ref39]^ The distinctive green, blue, and red CD spectral profiles in Figure [1](#fig1){ref-type="fig"}B readily match with the signatures of antiparallel G~4~, C~4~ i-motif, and duplex DNA, respectively, indicating the existence of these structures under our experimental conditions. Figure [1](#fig1){ref-type="fig"}C,D,E are the thermal melting profiles of the G, C, and duplex DNA molecules studied at the absorption wavelength of 290 nm. The considerable hypochromic shift at 290 nm with increasing temperature in Figure [1](#fig1){ref-type="fig"}C,D were indicative of quadruplex structures,^[@ref36]^ and the midpoints of the melting transitions provide the melting temperature, *T*~m~. The increase in the absorption with an increase in the temperature in Figure [1](#fig1){ref-type="fig"}E follows the normal denaturation profile of a duplex DNA. The *T*~m~ values for G~4~, C~4~, and duplex DNAs were 30, 51, and 62 °C respectively.

![(A) Thermal difference spectra of 5 μM DNAs; (B) circular dichroism spectra of 5--10 μM DNAs; (C) typical UV melting profiles. Blue and green lines denote single-stranded C~4~ and G~4~ at pH 6.0 and 7.0, respectively; and the red line indicates the duplex DNA made of the complementary sequences at pH 7.0.](jp-2014-08599h_0002){#fig1}

Steady State Fluorescence Spectroscopy {#sec3.2}
--------------------------------------

Large Stokes-shifted emissions with distinctive fluorescence signatures are obtained for fisetin, quercetin, and the chromophore 3HF when mixed with DNA, indicating their binding with the DNA molecules. In DNA environments, these flavonoid molecules exhibit photoinduced, excited state intramolecular proton transfer (ESIPT), resulting in "two-color" (in the blue-violet and yellow-green regions) fluorescence, the relative contributions between the two colors being strongly modulated by the local environment of the fluorophores.

Figure [2](#fig2){ref-type="fig"} presents the fluorescence emission spectra of the natural flavonoids (fisetin and quercetin; see Scheme [1](#sch1){ref-type="scheme"}f,g) along with the synthetic chromophores 3HF and 7HF (see Scheme [1](#sch1){ref-type="scheme"}d,e) with increasing concentrations of G~4~ (green), C~4~ (blue), and the duplex (red) DNAs. It is evident that addition of DNA induces drastic changes in the emission behavior of the flavonoids. In an aqueous medium, the fluorescence spectra of fisetin exhibit strong overlap between the normal and tautomer emission bands.^[@ref40]^ With the addition of the G~4~, dual fluorescence behavior is observed.

The emission spectra of fisetin consist of two-color- fluorescence bands; namely, a yellow-green emission band along with a high-energy band in the blue-violet region. The blue-violet fluorescence is assigned to the S~1~ (ππ\*) → S~0~ normal (N, nonproton transferred) emission. The large-Stokes shifted green fluorescence is attributed to emission from a tautomer (T) species generated by an excited state intramolecular proton transfer process occurring along the internal H-bond (C(4)=O···HO--C(3)) of the molecule (Scheme [1](#sch1){ref-type="scheme"}D,F).^[@ref40]^ The blue-violet and yellow-green fluorescence emissions occur from N\* and T\* species, respectively.

With the increase in G~4~, there is a decrease in the normal emission, with an increase in the tautomer emission. The intensity ratio of tautomer and normal fluorescence (*I*~T~/*I*~N~) increases rapidly with increasing G~4~ (shown in Figure [3](#fig3){ref-type="fig"}A) until ∼20 μM. The intramolecular H-bond of fisetin, which permits the ESIPT process, was enhanced in the presence of G~4~ DNA. It is noteworthy that the emission profiles of fisetin recorded in the DNA solutions resemble the situation in an aprotic environment where ESIPT emission behavior is prominent.^[@ref41]^ The enhanced tautomer emission as well as the strongly red-shifted (∼18 nm for tautomer from 0 (516 nm) to 25 μM DNA (534 nm)) fluorescence band indicate that the guest (fisetin) molecules experience relatively aprotic environments (e.g., like solvent acetonitrile, λ~em~^max^ = 536 nm)^[@ref25],[@ref41]^ in the DNA microenvironment (see Figure [2](#fig2){ref-type="fig"}, Table [1](#tbl1){ref-type="other"}). This establishes fisetin as an excellent two-color fluorescent probe to study its microenvironment. Table [1](#tbl1){ref-type="other"} summarizes the fluorescence emission parameters: λ~em~^max^ of the ESIPT species and the *I*~T~/*I*~N~ (ratio of fluorescence intensities of tautomer and normal ratio) of the natural flavonoids fisetin, quercetin, 3HF, and 7HF in all the DNA solutions.

###### Fluorescence Emission Wavelengths (λ~em~^max^) of the ESIPT Species along *I*~T~/*I*~N~[a](#tbl1-fn1){ref-type="table-fn"} of 3-Hydroxyflavone (3HF), 7-Hydroxyflavone (7HF), Fisetin, Quercetin in the C~4~ i-motif, G~4~ Quadruplex, and Duplex DNAs

  emission parameters    C~4~ i-motif (in pH 6)   antiparallel G~4~ (in pH 7)   duplex (in pH 7)  buffer
  --------------------- ------------------------ ----------------------------- ------------------ ---------------------------------------------------------------------------
  3-HF                                                                                             
  λ~em~^max^(nm)                  518                         520                     526         514,[b](#t1fn1){ref-type="table-fn"} 518[c](#t1fn2){ref-type="table-fn"}
  *I*~T~/*I*~N~                   3.59                       0.75                     9.5         2.8,[b](#t1fn1){ref-type="table-fn"} 3.5[c](#t1fn2){ref-type="table-fn"}
                                                                                                   
  7-HF                                                                                             
  λ~em~^max^(nm)                  518                         523                     525         526,[b](#t1fn1){ref-type="table-fn"} 525[c](#t1fn2){ref-type="table-fn"}
                                                                                                   
  fisetin                                                                                          
  λ~em~^max^(nm)                  526                         534                     529         516,[b](#t1fn1){ref-type="table-fn"} 514[c](#t1fn2){ref-type="table-fn"}
  *I*~T~/*I*~N~                   1.28                       1.79                     2.09        1.0,[b](#t1fn1){ref-type="table-fn"} 0.94[c](#t1fn2){ref-type="table-fn"}
                                                                                                   
  quercetin                                                                                        
  λ~em~^max^ (nm)                 530                         535                     536         529,[b](#t1fn1){ref-type="table-fn"} 523[c](#t1fn2){ref-type="table-fn"}
  *I*~T~/*I*~N~                   1.7                        1.01                     3.24        1.3,[b](#t1fn1){ref-type="table-fn"} 1.47[c](#t1fn2){ref-type="table-fn"}

Ratio of fluorescence intensities of tautomer: normal.

In pH 7.

In pH 6. *I*~T~/*I*~N~ could not be obtained because of the insignificant presence of the normal form of 7HF in buffer and low concentrations of DNA. λ~ex~ = 370 nm for fisetin and quercetin and 350 nm for 3HF and 7HF, respectively. For *I*~T~/*I*~N~, fluorescence intensities were observed at 530 nm for tautomer species for all the flavonoids, 470 nm for normal species for quercetin and fisetin, and 430 nm for the normal species of 3HF.

Flavonols (flavonoids with a 3-OH group) undergo ultrafast photoinduced ESIPT reaction (via the intramolecular hydrogen bond between the C=O and 3-OH groups), which results in the transformation of the initially excited (N\*) state to the tautomer (T\*) form.^[@ref25],[@ref40]−[@ref42]^ This leads to two-color fluorescence, in the blue-violet and yellow-green regions, which originates from the N\* and T\* states, respectively. Although the blue-violet fluorescence is assigned to the S~1~ (ππ\*) → S~0~ normal (nonproton-transferred) emission, the large Stokes-shifted green fluorescence is attributable to emission from a tautomer species generated by an excited state intramolecular proton transfer (ESIPT) process occurring along the internal H-bond (i.e., C(4) = O···HO--C(3)) of the molecule (Scheme [1](#sch1){ref-type="scheme"} G).^[@ref40]−[@ref42]^ The ESIPT process in flavonols is remarkably sensitive to the external hydrogen-bonding interference of the environment on the internal hydrogen bond of the molecules, and consequently, the relative contribution between the two colors is strongly modulated by the local environment of the fluorophore. In the case of flavonols in which 5-OH and 3-OH groups are simultaneously present (e.g., quercetin), the C(4)=O···HO--C(5) hydrogen bond interferes with the C(4)=O···HO--C(3) hydrogen bond, thus preventing efficient ESIPT^[@ref43],[@ref44]^ (see Scheme [1](#sch1){ref-type="scheme"}). This results in low fluorescence quantum yield in free states. However, strong fluorescence signals are observed upon binding to a target or in rigid environments.^[@ref43],[@ref44]^

We observed a similar situation for quercetin binding in duplex DNA where a 2.9-fold increase in the ESIPT emission took place. Binding of quercetin with duplex DNA disrupts the internal hydrogen bond involving the 5-OH group, thereby facilitating the ESIPT process.^[@ref44]^ Interestingly, for quercetin, *I*~T~/*I*~N~ decreases from 1.42 in buffer (λ~em~^max^ = 530 nm) to 1.01 (λ~em~^max^ = 535 nm) in 20 μM G~4~ DNA. Similarly, for 3HF, there is a simultaneous increase of the normal and tautomer emission, with a tautomer red shift from 514 (in buffer, *I*~T~/*I*~N~ = 2.73) to 520 nm (in 20 μM G~4~, *I*~T~/*I*~N~ = 0.75) (Figure [1](#fig1){ref-type="fig"}, green spectra). The tautomer of 7HF undergoes a blue shift from 526 to 523 nm with a slight increase in its intensity, and the normal species (absent in buffer) grew significantly in G~4~ solutions.

[SI](#notes-1){ref-type="notes"} Figure S3 displays the excitation spectra of the flavonoids (monitored for the PT fluorescence) in buffer and 20 μM G~4~ DNA, where an appreciable change in the spectral profiles was observed. The λ~ex~^max^ changes from 339 → 343 nm (more polar) and 370 → 365 nm (more aprotic) from buffer to 20 μM G~4~ in 3HF and quercetin, respectively. There is an increase in the intensity of the excitation spectra of fisetin between buffer and G~4~ DNA. It is pertinent to mention that fluorescence excitation spectra look at the excited state of the chromophore; hence, a change in the excitation spectra clearly indicates that the microenvironments of flavonoids predominantly change in DNA solutions (see Figures [2](#fig2){ref-type="fig"}, [3](#fig3){ref-type="fig"} and Tables [1](#tbl1){ref-type="other"}, [2](#tbl2){ref-type="other"}).

###### Binding Parameters[a](#tbl2-fn1){ref-type="table-fn"}for the Flavonoids in C~4~ i-Motif, G~4~ Quadruplex, and Duplex DNAs, Obtained from Experimental Data

  binding parameters   C~4~ i-motif    antiparallel G~4~   duplex         buffer
  -------------------- --------------- ------------------- -------------- --------
  3-HF                                                                     
  *K*~a~ (M^--1^)      8.8 × 10^4^     6.38 × 10^4^        8.67 × 10^4^    
  *r*                  0.09            0.09                0.09           
  Δ*G*^0^(kcal/mol)    --6.74          --6.55              --6.73         
                                                                           
  7-HF                                                                     
  *r*                  0.09            0.05                0.05           0.04
                                                                           
  fisetin                                                                  
  *K*~a~ (M^--1^)      1.65 × 10^05^   2.2 × 10^4^         4.62 × 10^4^   0.03
  *r*                  0.17            0.09                0.09            
  Δ*G*^0^(kcal/mol)    --7.11          --5.92              --6.36          
                                                                           
  quercetin                                                                
  *K*~a~ (M^--1^)      6.73 × 10^3^    1.7 × 10^4^         1.04 × 10^4^   0.04
  *r*                  0.06            0.12                0.12            
  Δ*G*^0^(kcal/mol)    --5.22          --5.77              --5.48          

Association constant, *K*~a~, Δ**G**^0^, and fluorescence anisotropy *r*[b](#t2fn1){ref-type="table-fn"}.

λ~ex~ = 370 nm (350 nm for 3HF and 7HF), and λ~em~ = 530 nm for the anisotropy measurements. Standard free energy Δ**G**^0^ was calculated using relation Δ*G*^0^ = −*RT* ln *K*~a~, where *T* = 298 K.

In duplex DNA solutions, the behavior of fisetin was very similar to that in G~4~ (see Figure [2](#fig2){ref-type="fig"} and Table [1](#tbl1){ref-type="other"}). The decrease in normal and increase in tautomer emission with increase in duplex DNA (*I*~T~/*I*~N~ increased from 1.0 in buffer to 2.1 in 25 μM duplex) was associated with a red shift of the λ~em~^max^ from 516 to 529 nm. However, the emission of 3HF dramatically changes in the duplex DNA. With a negligible change in normal emission, the tautomer emission increases rapidly with an increase in duplex DNA (*I*~T~/*I*~N~ increased from 2.8 in buffer to 9.5 in 25 μM duplex) with a simultaneous red shift of the λ~em~^max^ from 514 to 526 nm. The λ~em~^max^ of quercetin changes from 529 in buffer to 536 nm with an increase in *I*~T~/*I*~N~ from 1.3 to 3.24 in 25 μM duplex. No significant change for 7HF was observed in the duplex environment.

The situation in C~4~ i-motif environment, however, is different from duplex and G~4~ DNAs (see Table [1](#tbl1){ref-type="other"} and Figure [2](#fig2){ref-type="fig"}). The most significant change was observed for 7HF, in which a blue shift in λ~em~^max^ from 525 (in buffer) to 518 nm in 25 μM C~4~ matrix occurred. It is to be noted that unlike 3HF and its derivatives fisetin and quercetin, in which the ESIPT is intrinsic (i.e., proceeding across an internal H-bond of the molecule) and barrier free,^[@ref45]^ the excited state proton transfer (ESPT) in 7HF (in which proton donor and acceptor sites are not located adjacent to each other) is solvent-assisted and consequently strongly depends on the nature of the solvent medium.^[@ref46]^ Time-resolved fluorescence spectroscopy and transient absorption measurements using two-step laser excitation (TSLE),^[@ref47]^ indicated that the ESPT of 7HF in methanol solution involves the formation of two types of phototautomers in the excited state as well as in the ground state. Both the blue and green fluorescence were due to the selective excitation of the same ground state species; namely, the conjugate anion of 7HF (7HFA). The fluorescence of 7HFA is strongly modulated by solvent relaxation owing to a large change in dipole moments between the ground and excited states of 7HFA.

Fluorescence anisotropy (*r*) measurements were also performed because this parameter serves as a sensitive indicator for monitoring ligand binding to macromolecular systems.^[@ref27],[@ref41],[@ref43]^ The anisotropy values of fluorophores are very low in fluid solution where the fluorophore molecules can freely rotate and increase in motionally constrained environments.^[@ref27]^ Table [2](#tbl2){ref-type="other"} presents the fluorescence anisotropy data obtained for the flavonoids in all the DNA environemnts. Higher values of *r* in DNA matrixes compared with buffer are indicative of the ligand (flavonoid)--receptor (DNA) adduct formation.

![Fluorescence emission spectra of fisetin (λ~ex~ = 370 nm), quercetin (λ~ex~ = 370 nm) 3-hydroxyflavone (3HF, λ~ex~ = 350 nm) and 7-hydroxyflavone (7HF, λ~ex~ = 350 nm) (all ∼10 μM) in the presence of increasing concentration of G~4~ (green), C~4~ tetraplex (blue), and duplex DNA (red) at ∼0--25 μM), (0····, 2 − - - −, 5 − − −, 10 −··−··−, 15 −·−·−, 20 **- - -**, 25 --- μM). Slit widths were 3,3 for 3HF and fisetin and 3,5 for quercetin and 7HF.](jp-2014-08599h_0003){#fig2}

![Variation of the *I*~T~/*I*~N~ values for flavonoids with increase in DNA concentration from 0 to 25 μM. Green, blue, and red profiles denote G~4~, C~4~, and duplex DNAs, respectively.](jp-2014-08599h_0004){#fig3}

Measurements of Binding Parameters {#sec3.3}
----------------------------------

Because the value of the binding constant gives an idea about the strength of the binding interactions and highlights the mode of binding, we have exploited the *I*~T~/*I*~N~ titration data and the modified Benesi--Hildebrand equation^[@ref48]^ as follows to determine the binding constant (Figure [4](#fig4){ref-type="fig"}) between the flavonoids and DNAs.Here, Δ(*I*~*T*~/*I*~*N*~) = \|(*I*~T~/*I*~N~*x*~~) -- (*I*~T~/*I*~N~0~~)\| where (*I*~T~/*I*~N~*x*~~) and (*I*~T~/*I*~N~0~~) represent the (*I*~T~/*I*~N~) of flavonoids in the presence and absence of DNA, respectively,*n* is the number of binding sites, and *K*~a~ is the association constant for the complex. A plot of (1/Δ(*I*~T~/*I*~N~)) against \[DNA\]^−1^ gives a straight line where the ratio of intercept and slope provides the association constant, *K*~a~. The association constants are given in Table [2](#tbl2){ref-type="other"}. The number of binding sites were found to be 2.0, 2.0, and 0.4 for fisetin; 11.0, 2.0, and 1.0 for quercetin; and 2.0, 8.0, and 0.2 for 3HF in duplex, G~4~, and C~4~, respectively.

There are three ways a ligand can bind to DNA: (a) noncovalent, weak electrostatic interactions between cationic ligands and the polyanionic backbone of DNA; (b) intercalation between adjacent base pairs; and (c) hydrogen bonding interactions with the bases, which is mainly in the minor groove of DNA. However, a ligand can bind using more than one mechanism, which could be responsible for *n* \> 2. The values of *n* \< 1 is indicative of aggregation between the C~4~ DNAs at higher concentrations. In B-form DNA, the minor groove is generally the preferred site of noncovalently binding ligands because binding is tighter in the narrower groove.^[@ref49]^ The association constants, *K*~a~, for all the conjugates were obtained and are shown in Table [2](#tbl2){ref-type="other"}. We observed weak binding for all the flavonoids in the order of 10^4^--10^5^ M^--1^ in the DNA, which agrees well with the literature for small molecule-DNA interactions.^[@ref50]^ The low association constants suggest that the binding of the flavonoids with their target DNA molecules takes place through noncovalent interactions either by intercalation or by groove/loop binding.

![Double reciprocal plots using the *I*~T~/*I*~N~ values from the spectral profiles of the flavonoids (A) fisetin, (B) quercetin and (C) 3HF in the various microenvironments of DNA (green, G~4~; blue, C~4~; and red, duplex).](jp-2014-08599h_0005){#fig4}

Size Exclusion Chromatographic (SEC) Measurements {#sec3.4}
-------------------------------------------------

To find out the nature of the free and conjugated quadruplex and duplex DNAs, SEC studies were carried out. Support for the existence of monomeric forms of C~4~ and G~4~ tetraplexes in d(C~3~TA~2~)~3~C~3~ and d(T~2~AG~3~)~4~ oligonucleotides was obtained from molecular mass measurements (Figures [5](#fig5){ref-type="fig"} and [SI](#notes-1){ref-type="notes"} Figure S4). Thymine oligonucleotides are used to relate observed retention times to molecular mass because these homo-oligonucleotides favor single-stranded and unfolded conformations. SEC with absorbance at 260 nm (see Figure [5](#fig5){ref-type="fig"}) shows that the retention times of the free d(C~3~TA~2~)~3~C~3~, d(T~2~AG~3~)~4~, and duplex are 10.65 (blue line), 10.41 (green line), and 9.81 (red line) minutes and the retention times of dT~5,~ dT~12,~ dT~21~, dT~24~, and dT~30~ were 11.22, 10.64, 10.16, 10.02, and 9.77 min, respectively (see Figure [5](#fig5){ref-type="fig"}, top). With the intrinsic masses of the 21- (d(C~3~TA~2~)~3~C~3~) and 24-base-long (d(T~2~AG~3~)~4~) oligonucleotides of 6200 and 7575 g/mol, the retention times in SEC should have been around dT~21~ (6326 g/mol) and dT~24~, (7239 g/mol), which were not observed from the experiments. This was indicative of the folded nature of d(C~3~TA~2~)~3~C~3~ and d(T~2~AG~3~)~4~ in the solution, making it behave as a smaller sized oligonucleotide (such as dT~12~ and dT~14~).

To study the size and shape of the flavonoid-DNA adducts through the tautomer fluorescence in SEC, we chose to study fisetin with duplex DNA as the representative of all adducts because fisetin undergoes significant ESIPT upon binding with the duplex with an appreciably high *K*~a~. Figure [5](#fig5){ref-type="fig"}, bottom, displays the SEC profiles of fisetin bound to the duplex of d(C~3~TA~2~)~3~C~3~ and d(T~2~AG~3~)~4~ using absorbance at 370 nm (red **- - -**) and fluorescence at 530 nm (λ~ex~ = 370 nm, red −·−·−) with a retention time of 9.68 min, whereas the free duplex eluted at 9.81 min (red −, studied by A~260~). The presence of fisetin in the duplex made it larger, making its retention time less than the free duplex (Figure [5](#fig5){ref-type="fig"} bottom). Relative to the linear fit of the plot of the retention time vs molecular masses of single-stranded thymine oligonucleotides ([SI](#notes-1){ref-type="notes"} Figure S4), the calculated molecular masses for free and fisetin-bound duplex d(C~3~TA~2~)~3~C~3~/d(T~2~AG~3~)~4~ are found to be 8526 and 9158 g/mol, with a difference of 632 g/mol. It is noteworthy that the molar mass of fisetin is 286.24 g/mol, which strongly indicates that the binding stiochiometry between d(C~3~TA~2~)~3~C~3~/d(T~2~AG~3~)~4~ and fisetin should be 1:2. This agrees very well with the fluorescence spectroscopic measurements in which the number of binding sites (*n*) of fisetin in duplex DNA was found to be 2 (see above). Thus, although the optical spectroscopic measurements indicated the nature of the secondary structures (C~4~, G~4~, duplex) of the C-rich and G-rich and their duplex DNA molecules along with the mode of noninvasive binding of flavonoids with the DNAs, SEC studies support the quantitative aspect of this study. For fisetin conjugated C~4~ i-motif and G~4~ quadruplex DNAs, we observed a high degree of aggregation in the SEC profiles, the origin of which is unclear to us at this point.

![Size-exclusion chromatograms of (top) 5 μM solutions of d(C~3~TA~2~)~3~C~3~ (blue −), d(T~2~AG~3~)~4~ (green −), duplex of dC~3~TA~2~)~3~C~3~/d(T~2~AG~3~)~4~ (red −), a mixture of dT~5,~ dT~12,~ and dT~30~ (black − - - −), dT~21~ (blue dashed **- - -**), dT~24~ (green dashed **- - -** oligonucleotides studied by absorbance at 260 nm. (bottom) Fisetin conjugated duplex, where (**- - -**) and (−·−) respectively denote λ~abs~ at 370 nm, λ~em~ = 530/λ~em~ = 370 along with free duplex (− ---) with λ~abs~ = 260 nm. The time difference of 0.06 min between the fluorescence and absorption due to the time lag between the two detectors (see the [Materials and Methods](#sec2){ref-type="other"} section^[@ref28]^) is corrected here.](jp-2014-08599h_0006){#fig5}

Displacement Studies {#sec3.5}
--------------------

To understand the mode of binding of the flavonoids in the DNA environments, we have exploited the well known extrinsic fluorescence probe ethidium bromide (EtBr), which mostly intercalates in DNA.^[@ref51]^ For duplex DNA, ligands bind mainly through intercalation or as a groove binder. However, for quadruplex DNA, ligands can intercalate or bind to the loops (see Scheme [2](#sch2){ref-type="scheme"}, where straight arrows indicate the loops and grooves). Literature data provide evidence that EtBr binds with quadruplex mainly through intercalation or end stacking modes.^[@ref51]^ The solid line (--- profile 1) in Figure [6](#fig6){ref-type="fig"} indicates the emission intensities of fisetin in the DNA in the presence of EtBr. The *I*~T~/*I*~N~ of 5 μM fisetin in the presence of 5 μM EtBr is 1.43, 1.75, and 1.7 in 10 μM C4, G4, and duplex, respectively, which suggests that in the presence of EtBr, there was not a major decrease in fluorescence emission of fisetin (see Table [1](#tbl1){ref-type="other"} for comparison).

The black emission profiles in Figure [6](#fig6){ref-type="fig"} correspond to the fluorescence emission spectra of 5 μM EtBr in buffer (black ····), in 10 μM C~4~, G~4~, and duplex DNA in the absence (profile 2, −··−) and presence (profile 3, − −) of 5 μM fisetin. As is evident from Figure [6](#fig6){ref-type="fig"}, the fluorescence of EtBr increases significantly (8.5, 4, 1.6 times for duplex, G~4~ and for C~4~, respectively) upon binding with DNA. There is a slight increase in the emission intensity of EtBr in DNA matrixes in the presence of fisetin. Furthermore, the process of energy transfer^[@ref19],[@ref25],[@ref27],[@ref43],[@ref44]^ was readily observed from the excitation spectrum of the EtBr in the presence of fisetin. The pink (profile 4, **- - -**) and black (profile 5, −··−··−) lines in Figure [6](#fig6){ref-type="fig"} show the fluorescence excitation of EtBr (λ~em~ = 610 nm) in 10 μM DNA in the absence and presence of fisetin, and the appearance of a band at 370 nm only in the latter case clearly indicates the existence of both fisetin and EtBr in the DNA matrix and the occurrence of FRET from fisetin to the intercalated EtBr.

The energy transfer from fisetin to EtBr increases the emission intensity of EtBr to a slight extent in the presence of fisetin (compare profiles 4 and 5 in each DNA environments). This suggests that fisetin and EtBr bind with the DNA at the same time. This can be true only if their binding sites are different, but are adjacent to each other in d(C~3~TA~2~)~3~C~3~, d(T~2~AG~3~)~4~, and duplex DNAs, which makes the FRET from fisetin to EtBr possible. For quercetin, we observed a similar energy transfer mechanism (see [SI](#notes-1){ref-type="notes"} Figure S5) in the G~4~ environment; however, because the intrinsic fluorescence of quercetin is less than fisetin, the energy transfer from quercetin to EtBr became prominent in all the DNA environments because with λ~ex~ = 370 nm, apart from emission from normal at λ~em~ ∼ 470 nm (low) and ESIPT at λ~em~ ∼ 530 nm, a third emission is observed at λ~em~ ∼ 592 nm, which is the intrinsic λ~em~^max^ for EtBr.^[@ref51]^ Hence, the energy from the emission of the normal species at 470 nm is transferred to excite the EtBr, giving rise to the EtBr emission band in the spectrum. This mechanism is also present in the case of fisetin, but because of the high intrinsic fluorescence and broadness of the emission spectrum, it was not noticeable. These observations clearly indicate that fisetin and quercetin bind at sites that are in close proximity to the intercalated EtBr for energy transfer to take place. Therefore, possible binding sites for fisetin and quercetin were the loop regions of C~4~; the face of the G-quartet along the diagonal loop (see Scheme [2](#sch2){ref-type="scheme"}), where π-delocalized system stacking is possible; and the minor groove of duplex DNA.^[@ref52],[@ref53]^

![Fluorescence emission (solid line, profile 1) and excitation spectra (−·−) of 5 μM fisetin (λ~ex~ = 370 nm) in 10 μM DNA (C~4~ (blue), G~4~ (green) and duplex (red)) in the presence of 5 μM EtBr. The black profiles correspond to emission of 5 μM EtBr (λ~ex~ = 480 nm) in buffer (····), in DNA (10 μM, − −, in the absence of fisetin, profile 2), and in DNA (10 μM, −·−, in the presence of 5 μM fisetin, profile 3). The figure also shows the excitation spectra of EtBr (λ~em~ = 610 nm) in DNA without (pink **- - -**, profile 4) and with (black −··−··−, profile 5) fisetin. Profile numbers are not repeated for G and C DNAs, but they correspond to the same sets in each.](jp-2014-08599h_0007){#fig6}

![Schematic Diagram of the Duplex (top) Made up of Single-Stranded Oligonucleotides 5′-d(C~3~TA~2~)~3~C~3~-3′ and 5′-d(T~2~AG~3~)~4~-3′ and the Unusual Tetraplex (bottom) Secondary Structures, Namely, C~4~ i-Motifand Antiparallel G~4~-Quadruplex Structures\
Left, formed by 5′-d(C~3~TA~2~)~3~C~3~-3′.\
Right, made up by 5′-d(T~2~AG~3~)~4~-3′.\
A and B denote the unimolecular antiparallel structure with parallel adjacent strands and a diagonal loop and unimolecular antiparallel with alternating parallel strands, respectively. The straight arrows indicate the site of binding of flavonoids in the DNA matrix. The bindings sites are groove and loop for duplex and quadruplex DNAs, respectively.](jp-2014-08599h_0010){#sch2}

Molecular Docking Studies {#sec3.6}
-------------------------

Molecular modeling studies enable characterization of DNA--flavonoid interactions in atomistic detail. Molecular docking techniques have come into prominence as a new tool for identifying novel small molecule drugs for targeting DNA.^[@ref54],[@ref55]^ Figure [7](#fig7){ref-type="fig"} displays the lowest-energy-docked conformers for 3HF, 7HF, fisetin, and quercetin in C~4~, G~4~, and duplex DNAs. All the flavonoids were found to be either loop or minor groove binders for quadruplex or duplex, respectively. The minor groove is a particularly attractive target for small molecules because of the closer proximity of the strands in the minor groove, thereby making the binding more compact.^[@ref56]^ Furthermore, this site has less competition from proteins and polymerases, which typically interact with the major groove.^[@ref57]^ Table [3](#tbl3){ref-type="other"} provides the binding energies and association constants for 3-hydroxyflavone (3HF), 7-hydroxyflavone (7HF), fisetin, quercetin in C~4~ i-motif, G~4~ quadruplex, and duplex B- and A-DNA environments, which were obtained using the AutoDockTools4 program. The flavonoids intercalate with A-DNA, for which the average *K*~a~ was found to be ∼10^6^ (which is at least 1 order of magnitude higher than other DNAs) and the average binding energy was ∼9 kcal/mol (vs ∼6--7 kcal/mol in other DNAs). A comparison between the computational and experimental binding energies and association constants reveals that theoretical and experimental results do match to an appreciable extent. However, there were some discrepancies observed that could be due to a higher order of aggregation of both ligands (flavonoids) and receptors (DNAs) in the solutions.

###### Binding Parameters for 3HF, 7HF, Fisetin, Quercetin in C~4~ i-Motif, G~4~ Quadruplex, and Duplex DNAs Analyzed from Computational Docking Studies Using the AutoDockTools4 Program

  binding parameters from docking studies   C~4~ i-motif    antiparallel-G~4~   duplex B-DNA    A-DNA
  ----------------------------------------- --------------- ------------------- --------------- ---------------
  Binding Energy (kcal/mol)                                                                     
  3-HF                                      --5.25          --6.93              --7.06          --8.47
  7-HF                                      --5.83          --6.43              --7.84          --8.95
  fisetin                                   --5.64          --6.66              --7.38          --9.03
  quercetin                                 --6.27          --6.39              --7.19          --8.91
  *K*~a~ (M^--1^)                                                                               
  3-HF                                      7.09 × 10^04^   1.19 × 10^05^       1.49 × 10^05^   1.67 × 10^06^
  7-HF                                      1.88 × 10^05^   5.18 × 10^04^       5.56 × 10^05^   3.33 × 10^06^
  fisetin                                   1.35 × 10^05^   7.63 × 10^04^       2.56 × 10^05^   5.00 × 10^06^
  quercetin                                 3.97 × 10^05^   4.83 × 10^04^       1.89 × 10^05^   3.33 × 10^06^

Table [4](#tbl4){ref-type="other"} provides the internal energy of the ligand flavonoids in their host DNA environments. The internal energy is the sum of electrostatic and van der Waals--H-bonding desolvation energy. Hence, higher internal energy arises from more association of the ligand with the host. Fisetin and quercetin form H bonds to their receptor DNA environments through the C(3′)--OH, C(4′)--OH in B, and C(7)--OH in the A rings. The C(5)--OH of quercetin can interact with the host only when it no longer interferes with the ESIPT.^[@ref43],[@ref44]^ The C(3)--OH in fisetin, quercetin, and 3HF forms H bonds with its host when ESIPT does not occur or when the microenvironment is not aprotic.^[@ref25],[@ref41]^ On the other hand, ESIPT in 7HF happens only via H bonding with its receptor/surrounding environment.

###### Internal Energy[a](#tbl4-fn1){ref-type="table-fn"} for 3HF, 7HF, Fisetin, Quercetin in the C~4~ i-Motif, G~4~ Quadruplex, and Duplex DNAs Analyzed from Computational Docking Studies Using the AutoDockTools4 Program

  DNA         C~4~   G~4~   B-DNA   A-DNA                        
  ----------- ------ ------ ------- ------- ------ ------ ------ -------
  3HF         0.08   5.77   0.25    7.28    0      7.66   0.02   9.09
  7HF         0.38   6.05   0.27    6.75    0.04   8.4    0.1    9.45
  fisetin     0.36   6.76   0.59    7.56    0.13   8.74   0.13   10.4
  quercetin   0.75   7.32   0.51    7.67    0.17   8.81   0.13   10.57

Sum of electrostatic (ES) and van der Waals--H-bond desolvation (vdw--hb) (kcal/mol).

![Lowest-energy-docked conformations representing the interaction profile of 3-hydroxyflavone (3HF, A--D), 7-hydroxyflavone (7HF, E--H), fisetin (I--L) and quercetin (M--P) in antiparallel C~4~ i-motif, antiparallel G~4~ quadruplex, B-DNA, and A-DNA (left to right). The binding parameters are given in Tables [3](#tbl3){ref-type="other"} and [4](#tbl4){ref-type="other"}.](jp-2014-08599h_0008){#fig7}

Conclusions {#sec4}
===========

The high sensitivity of flavonol emission to their surrounding environment and their prospective applications as exquisitely sensitive fluorescent molecular probes for exploring their interactions with the biological targets were the focus of this study. Here, we presented perspectives highlighting the novel uses of the intrinsic fluorescence emission of the therapeutically potent flavonoids quercetin and fisetin and their chromophores 3HF and 7HF in exploring their interactions with the DNA oligonucleotides of physiological relevance. Applying this promising new approach for the "screening" and "design" of the most suitable derivatives from among numerous available structural variants of this new generation of therapeutic drugs would open the door to new avenues in medicinal chemistry. Complementary use of other experimental biophysical (spectroscopic as well as chromatographic) techniques and theoretical (molecular modeling) studies permits detailed assessment of the role of structure and substitution patterns of the flavonoids on their affinities and binding modes to their target DNAs.

Figures S1--S5. This material is available free of charge via the Internet at <http://pubs.acs.org>.
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